The BJUT-II VAD is a novel left ventricular assist device (LVAD), which is thought to have significant effects on the characteristics of aortic swirling flow. However, the precise mechanism of the rotational direction of BJTU-II VAD in the aortic swirling flow is unclear.
Background
Heart failure is a severe cardiovascular disease. Left ventricular assist devices (LVADs) have become a very important treatment method for heart failure [1] . Along with the increased clinical use of LVADs, the hemodynamic effects of LVADs on the cardiovascular system have been attracting research interest. For instance, Karmonik et al. [2] studied the influence of LVAD cannula outflow tract location on hemodynamics in the ascending aorta, reporting that variation in the position of the cannula outflow clearly affected hemodynamics in the ascending aorta, favoring an anterior geometry for a more ordered flow pattern. Subsequently, Song et al. [3] researched the hemodynamic effects of various support modes of continuous flow LVADs on the cardiovascular system, and demonstrated that the continuous flow control mode of the CF-LVAD achieves the highest ventricular unloading. Most recently, Karmonik et al. [4] compared the hemodynamics in the ascending aorta in pulsatile vs. continuous flow left ventricular assist devices, and found superior performance of pulsatile LVADs. In addition, Osorio et al. [5] demonstrated that the LVAD implantation geometry was an important factor regulating hemodynamic states in the aorta.
The swirling flow in the blood vessels is an important research area of hemodynamics. In recent years, the swirling flow in the aorta has aroused wide concern. Bogren et al. [6] found that people of different ages have swirling flow in the aorta. Similarly, Deng [7] reported on swirling flow in human aortic vascular blood flow. This kind of flow pattern is desirable for blood flow stability and reduced turbulence, and to smooth blood vessel walls by scouring and reducing harmful substances in vessel wall deposits. In addition, Stonebridge [8] found that swirling flow can more efficiently transport blood. Similarly, Deng's [9] studies shown that improving swirling flow intensity can significantly increase the aortic wall shear stress and reduce the scope of the intraaortic blood flow stagnation zone. Qiu et al. [10] reported that increased swirling flow strength could inhibit vascular endothelial cell proliferation and smooth muscle cell apoptosis. In short, the above-mentioned studies confirmed that swirling flow plays an important role of maintaining normal aortic structure and function. However, there is has been no study published on the effects of LVADs on the characteristics of aortic swirling flow.
BJUT-II VAD (previously called an intra-aorta pump) is a novel LVAD [11] , which is implanted into the ascending aorta (Figure 1 ), and the blood is directly pumped through the aortic valve into the aorta. Few studies on the hemodynamic effects of BJUT-II VAD on the cardiovascular system have been conducted. Gao [12] proposed a pulsatile control strategy to provide adequate perfusion and restore the blood pulsatility. After that, the blood assist index (BAI) was proposed to quantify the unloading level and to evaluate the hemodynamic states of the left ventricle [13] [14] [15] [16] . Subsequently, the hemodynamic effect of varied support modes of BJUT-II VAD on the cardiovascular system has been studied. In contrast to conventional LVADs, under co-pulse mode the BJUT-II VAD can achieve maximum left ventricular unloading and coronary perfusion and can restore the blood pulsatility [17] [18] [19] . Most recently, the hemodynamic effects of the BJUT-II VAD on the aorta has been investigated by using computational fluid dynamics (CFD) method [20] . The results demonstrated that the hemodynamic effect of BJUT-II VAD is quite different from that caused by conventional LVADs [21] .
Although the effects of LVADs on aortic hemodynamics have been studied, the effects of the helicity components of LVADs' outflow on the aorta are still ignored by researchers, as the helical component is considered to be too low to change the aortic hemodynamic states under conventional LVAD support. Because the BJUT-II VAD is directly implanted into the aorta, the effects of helicity components in its outflow on the aorta cannot be ignored. However, its precise effects are still unclear.
In this work, we performed numerical simulations to clarify the effects of varied rotational direction of BJUT-II VAD on the aortic swirling flow characteristic. A patient-specific aortic geometric model was reconstructed based on CT data. Three cases of outflow of BJUT-II VAD, termed "counterclockwise case", "flat profile case" and "clockwise case", were used in this study as the boundary conditions. The helicity density, area-weighted average of helicity density (Ha), localized normalized helicity (LNH), wall shear stress (WSS), and WSS spatial gradient (WSSG) were calculated to quantitate swirling flow characteristics in the aorta.
Material and Methods

Aortic model reconstruction
The aortic model was reconstructed by using MIMICS15.0 (MATERIALISE, Belgium) based on the CTA data from a heart failure patient. The resolution of CTA data was 512×512, the pixel size was 0.91 mm, and the layer spacing was 1 mm. The aortic model (Figure 2 ) consisted of the ascending aorta, the brachiocephalic artery, the left common carotid artery, the left subclavian artery, and the descending aorta. The ANSYS ICEM 14.5 (ANSYS. Inc., USA) was used to generate the nonstructural tetrahedral meshes for the model (Figure 3) . A grid independence test was conducted to determine the optimal grid numbers for the computation. In this test, the flow velocity is chosen as the inlet boundary condition, while pressure waveform is set as the outlet boundary condition. The relative errors of pressure at the inlet of the model with the different numbers of elements are calculated. If the relative error is less than 3%, the number of elements is considered to be adequate. The test results are listed in Table 1 . According to the results, 1.72 million elements were sufficient for this study.
Numerical approaches
Governing equations
The blood flow of aorta calculation is based on 3-dimensional incompressible Navier-Stokees equation (1) and (2):
(1)
where r stands for the density of blood flow, is the fluid velocity vector, p represents the pressure, and µ denotes the dynamic viscosity.
Boundary conditions
In order to protect the function of aortic valve, the aortic valve was opened periodically throughout the simulation. The time-varying boundary conditions were taken from a previously validated lumped parameter model of assisted cardiovascular system [22, 23] and applied directly as the flow rate and pressure at the inlet and outlet of the model, respectively. The mathematic model of the cardiovascular-pump system was used in the LVAD control algorithm test. Figure 4 shows the complete electric circuit analogy of the cardiovascular model in relation to the LVAD. The model comprises left atria, active left ventricular, intra-aorta pump, and peripheral circulation system.
To investigate the effect of different rotational directions of BJUT-II VAD on the aortic swirling flow characteristics, 3 outflow profiles of BJUT-II VAD with varied rotational direction were obtained as the inlet flow profiles (Figure 4 ). Among them, the counterclockwise case and clockwise case were taken from a validated CFD simulation of the BJUT-II VAD, operated at a constant impellor speed of 8000 rpm with counterclockwise rotational direction and clockwise rotational direction, respectively. Outflow profiles differ from the flat profile in the rotational component of the outflow profiles, which is a result of the rotating impeller. The velocity profile was scaled to follow the time-varying inlet flow rate of the 0D model to allow comparisons to be made against simulations with a flat inlet profile.
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The descending aorta The 3 cases shown in Figure 4 , termed "counterclockwise", "flat profile", and "clockwise", were used in this study as the boundary conditions of the inlet of the aortic model. The first case is counterclockwise case, in which the blood flow is consistent with the left hand rule ( Figure 4A ). This case represents the outflow condition of BJUT-II VAD when BJUT-II VAD is operated under counterclockwise direction. The second case is flat profile case, which does not include the helical components ( Figure 4B ). This case was used as the control group to evaluate the hemodynamic effect on the aorta, when the helical component of the outflow is ignored. The last case is the clockwise case, in which the blood flow was in line with the right hand rule ( Figure 4C ). This case denotes the outflow condition of BJUT-II VAD when it runs under clockwise direction.
Computation settings
In this study, the vessel wall is assumed to be no-slip condition, and the blood is treated as a homogeneous, incompressible Newtonian fluid with a constant density and viscosity (r=1050kg/m 3 , μ=0.0035pa s). The numerical simulations were carried out by using Fluent (Ansys. Inc., USA). Each time step was taken to be numerically converged once the root mean-squared residuals of pressure and momentum, in all 3 directions, reached a value below 10 -6 . According to the geometric size of the aorta, the peak systolic blood flow velocity, and the blood density, the peak systolic Reynolds number Re is larger than 5000. Hence, the k-e turbulence model, proven to be appropriate for illustrating the turbulence flow states in the aorta [24] , was used in this study. The simulations employ a time step of 1 ms and were run for 4 cardiac cycles to remove any initialization effects. The hemodynamic parameters in the fourth cardiac cycle were extracted for hemodynamic analysis.
Hemodynamics analysis
Helicity density is an important indicator for quantifying swirling flow [25] , which is represented as the scalar product of velocity and vorticity in the field, defined as equation (3):
where is the velocity vector. Vorticity is a measure of the rotation of a fluid element as it moves in the flow field, and is defined as the curl of the velocity vector . In this study, a helicity density indicator was used to evaluate the strength of swirling flow; hence, equation (3) was simplified to equation (4):
It was proved that the rotating direction of blood flow, defined as the angle between the velocity vector and the vorticity vector, is closely related to the occurrence of vascular disease [26] . The localized normalized helicity (LNH) [27] was proposed to evaluate this characteristic, shown as equation (5):
where is the velocity vector, is the vorticity vector, s is the position, and t denote the time instant. The LNH value ranges from -1 to +1. -1 means that the left-handed helicity component of blood flow (aortic swirling flow is clockwise rotation) is dominant, while +1 denotes that the right-handed helical components of the blood flow (aortic swirling flow is clockwise rotation) is dominant.
In order to characterize the strength of swirling flow in the aorta better, the area-weighted average of helicity density (Ha) [25] was calculated as the equation (6):
where S is the cross-sectional area and H d represents the helicity density; it can effectively describe the strength of swirling flow in the aorta.
Wall shear stress (WSS)
Stress is calculated as a function of time during the cycle at each location using least-squares fit of 3 radial stations measured very close to the wall according to the defining relationship [28] , as the equation (7):
where is the wall shear stress, µ is the absolute viscosity, is the velocity parallel to the wall, and the r is the radial distance from the wall.
WSS Spatial Gradient (WSSG)
The wall shear stress spatial gradient is given by [26] , shown as the equation (8): (8) where x, y, z are the 3 directions of the global coordinate system.
Results
The distribution of helical density in the aorta Figure 5 shows the distribution of helical density in the aorta under varied cases. In order to compare the results, the helicity density generated by varied cases at the 4 specific time points (from T1 to T4) was selected. At T1, obvious swirling flow under counterclockwise and clockwise cases exists in region A. However, no swirling flow was observed under flat profile case. The helicity density at region A generated by 3 cases was 4.56 m/s At time T4, the helicity density was low under varied cases.
The distribution of LNH in the aorta Figure 6 shows the distribution of LNH under varied cases. The blood flow under counterclockwise case contains many counterclockwise swirling flow components in the aorta. However, under both the flat case and clockwise case, the blood flow involves many clockwise swirling flow components in the aorta. The area of clockwise swirling flow under clockwise case was larger than clockwise swirling flow under flat profile case. In addition, the blood flow in the ascending aorta appears to have a clockwise rotation swirling flow under counterclockwise case at the time point T3.
Area-weighted average of helicity density (Ha) Figure 7 illustrates change in the area-weighted average of helicity density (Ha) of 8 representative slices (from S1 to S8) along the aortic model under different cases. For all cases, the Ha was gradually increased along with the axis of the aorta, and then it achieves its maximum value at S5. After that, Ha is gradually decreased along with the axis of the aorta. Moreover, Ha under both clockwise case and counterclockwise case was larger than that under flat profile case. The averaged Ha value under clockwise case was higher than in counterclockwise case (counterclockwise: 5.69 m/s 
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Discussion
Although there are many studies on the hemodynamic effect of LVAD on the aorta, all of them focus on the change in the pressure and perfusion level of LVAD. The present study is the Although use of LVADs have been confirmed as a useful alternative treatment for heart failure patients, the increase in related complications caused by LVAD support raised widespread concerns. For instance, Ambardekar et al. reported that the aortic wall stiffness was significantly increased with the use of LVAD support [29] . Similarly, Templeton et al. reported that vascular compliance was impaired by the use of LVAD support [30] . In addition, Hasin et al. found that the peripheral endothelial function was attenuated after LVAD therapy [31] . From the hemodynamic view point, the changes in hemodynamic states, especially in the swirling flow characteristic, play an important role in these complications. The present study demonstrates that the rotational direction of BJUT-II VAD can directly change the hemodynamic states and swirling flow characteristic. Therefore, the incidence of complications caused by LVAD may be reduced by choosing an appropriate rotational direction of LVAD. Moreover, our study also shows that the structure of LVADs should be designed not only for satisfactory hydraulic properties, but also for optimal blood flow pattern in the aorta.
Helicity density is an important indicator for quantifying the swirling flow in the aorta, which can effectively describe helicity intensity of aortic flow. Houston et al. [32] found that the aortic arch in the presence of swirling flow is associated with the increase of carotid atherosclerotic plaque. Yashiro et al. [33] found that geometric structure is one of the causes of aortic swirling flow. Javadzadegan et al. [34] found that an increase in the intensity of spiral flow resulted in an increase in maximum wall shear stress (WSS) and a decrease in maximum wall stress, thereby reducing the risk of rupture, endothelial dysfunction, and the development of atherosclerosis. Fan et al. [35] reported that the swirl flow can significantly reduce the aorta area within the low wall shear stress, and, as the decrease of intensity of swirling flow, aortic blood flow low velocity area is significantly increased. In our study, the helicity density of blood flow under clockwise case was significantly larger than in the other 2 cases ( Figure 5 ). This means that an LVAD generating clockwise outflow may help prevent endothelial dysfunction and thrombi generation. In the future, the rotational direction of the impeller should receive more attention to generate the optimal swirling flow level.
LNH is also an important indicator of quantification swirling flow in the aorta, and is a useful descriptor of changes in the direction of the rotation of flow because a change in sign of the local value of LNH can identify a local right/left-handed rotation. Chien [36] found that changes in the direction of blood flow have effects on the magnitude and direction of WSS, thereby affecting the vascular structure and function. ECs can influence vascular remodeling, modulate thrombosis, mediate inflammatory responses, and regulate vascular smooth muscle cell contraction. As shown in Figure 6 , the results show that the different support directions of BJUT-II VAD significantly affect the swirling flow in the aorta and its 3 branches. This means the rotational direction of BJTU-II VAD may have significant effects on endothelial function, which may be one of the reasons for the vascular complications caused by LVAD support. Figure 7 shows that the helicity density of swirling flows is significantly enhanced under clockwise and counterclockwise cases. Gallo et al. [37] demonstrated that high helicity intensity was instrumental in suppressing flow disturbances; this protective effect could be moderated when a direction of rotation was 2584 dominant in the flow field. Morbiducci et al. [38] confirmed that helical flow constituted an important flow signature in vessels, and its strength is a fluid dynamic index for risk stratification, in the activation of both mechanical and biological pathways leading to fibrointimal hyperplasia. Paul et al. [39] showed that the spiral effect of swirling flow could reduce turbulent kinetic energy, which is a beneficial effect.
The local wall shear stress can be used as an indicator of disturbed flow, which identifies the regions where a potential arterial disease process may start [40] . As shown in Figure 8 , at time point T1, the WSS value in the aortic arch (at region A) assisted by flat profile case was lower than in other cases.
The result shows that the WSS value in the aortic arch was improved by the output blood flow of BJUT-II VAD with rotational directions. Jennifer [41] pointed out that low WSS had strong relevance to atherogenesis. Hence, the counterclockwise case and clockwise case may have a benefit for preventing atherosclerosis in the aortic arch. However, the left common carotid under counterclockwise case is more likely to form atherosclerosis. In all cases, the WSS at region D was very low at time point T2. Bakey et al. [42] found some special positions of blood vessels, such as curvatures, bifurcations, tortuosity, and branching, where shear stress is reduced. Experimental results in vivo have shown that low WSS can cause intimal wall thickening [43] and lead to thrombi generation [21] . At time point T2, the WSS values at region C exceed 7 Pa. Malek [44] found that over 1 cardiac cycle, instantaneous WSS magnitude typically ranges from 1 to 7 Pa in the arterial system. Jennifer [41] found that high WSS is associated with outward remodeling of vessels. At time point 3, the WSS value in the left common carotid roots generated by clockwise case was higher than in other cases Depaola et al. [45] speculated that large shear stress gradients could induce morphological and functional changes in the endothelium in regions of disturbed flow in vivo and thus may contribute to the formation of atherosclerotic lesions. Lei et al. [46] suggested that the local wall shear stress gradient (WSSG) was the single best indicator of nonuniform flow fields leading to atherogenesis. Jeffrey et al. [47] found that large spatial shear stress gradients had anecdotally been associated with early atherosclerotic lesion susceptibility in vivo and have been proposed as promoters of endothelial cell dysfunction in vitro. In this study, the maximum WSSG value generated by flat profile was higher than in other cases. Hence, atherosclerosis may more easily form under flat profile than in the other 2 cases. The research results show that the rotation direction of the pump can directly affect the distribution of swirling flow inside the blood vessels, thereby affecting vascular cell growth and deposition of various macromolecules. Therefore, the results of our study suggest that when we design an LVAD in the future, in addition to focusing on the indicators of output flow and pressure, the direction of rotation and output flow field of swirl flow characteristics also should be considered and optimized. In addition, the physiological effects of this swirling flow caused by pump rotation direction require further clarification by biomechanical studies. The present study only investigated the effect of the swirling flow field of different rotation directions on aortic flow field. In practical application, changing the pump structure can change the swirl intensity of output flow. This change will cause intravascular hemodynamic significant variations, which needs further study.
Conclusions
A numerical study was conducted to investigate the hemodynamic effects of different rotational directions of BJUT-II VAD on aortic swirling flow characteristics. A patient-specific aortic geometric model was reconstructed based on CT data. We used 3 cases of pump output flow field with varied rotational directions, termed "counterclockwise", "flat profile", and "clockwise", as the boundary conditions of the inlet of the aortic model. The results demonstrate that the swirling flow characteristics in the aorta and its 3 branches are directly affected by the output blood flow in the BJUT-II VAD with varied rotational directions. In the aortic arch, the helicity density, supported by the clockwise case, achieved the highest value among the 3 cases (region c, counterclockwise: 9.87 m/s 2 28 ,53 Pa/m). In brief, the outflow of the BJUT-II VAD has significant effects on the hemodynamics and swirling flow characteristics in the aorta. Compared with the flat profiles, the blood profiles involving a helical component can enhance the strength of aortic swirling flow, and reduce the areas of low WSS and WSSG value regions. Among the 3 cases, the clockwise case may have a benefit for preventing atherosclerosis in the aorta. Moreover, the rotational direction of BJUT-II VAD should be considered as a novel factor that can significantly change the aortic hemodynamic states and swirling flow characteristics.
